Liquid chromatography in tandem mass spectrometry (LC-MS/MS) has emerged as an informative tool to investigate oxysterols (oxidized derivatives of cholesterol) in helminth parasite associated cancers. Here, we used LC-MS/MS to investigate in soluble extracts of the adult developmental stage of Opisthorchis viverrini from experimentally infected hamsters. Using comparisons with known bile acids and the metabolites of estrogens, the LC-MS data indicated the existence of novel oxysterol derivatives in O. viverrini. Most of these derivatives were ramified at C-17, in similar fashion to bile acids and their conjugated salts. Several were compatible with the presence of an estrogen core, and/or hydroxylation of the steroid aromatic ring A, hydroxylation of both C-2 and C-3 of the steroid ring and further oxidation into an estradiol-2,3-quinone.
Introduction
Liver fluke infection caused by Opisthorchis viverrini, Clonorchis sinensis and related flukes remains a major public health problem in East Asia and Eastern Europe where N40 million people are infected. O. viverrini is endemic in Thailand, Lao PDR, Vietnam and Cambodia. Humans acquire the infection by eating raw or undercooked fish infected with the metacercaria (MC) stage of the parasite (reviewed in [1] ). Upon ingestion, metacercariae excyst in the duodenum and juvenile flukes migrate into the biliary tree. In the bile ducts, the parasites mature over six weeks into adult flukes which graze on biliary epithelia. Parasite eggs are shed in the fecal stream and the eggs are ingested by freshwater snails. The parasite undergoes transformations within the snail host, culminating in the release of cercariae which seek out and penetrate the skin of a freshwater fish. The infection in humans causes hepatobiliary abnormalities, including cholangitis, obstructive jaundice, hepatomegaly, periductal fibrosis, cholecystitis and cholelithiasis [1] . Much more problematically, both experimental evidence and epidemiological evidence strongly implicate liver fluke infection in the etiology of one of the major liver cancer subtypes -cholangiocarcinoma (CCA), bile duct cancer [2] .
Opisthorchiasis is associated with elevation of bile acids, including deoxycholic acid (3, Supplementary Table 1), which are potent tumor promoters in cholangiocarcinogenesis. Bile acids (Supplementary Table 1 ) are synthesized in the liver from cholesterol, and the majorities are conjugated with either glycine or taurine [3] [4] [5] [6] [7] . Inflammationrelated carcinogenesis has also been associated to oxidative and nitrative DNA damage as 8-oxo-7,8-hydro-2′-deoxiguanine (8-oxodG) and 8-nitroguanine (8-NG) [4] . Akaike et al. [5] demonstrated the close association of 8-nitroguanosine with NO production in mice with viral pneumonia. Increased levels of nitrate and nitrite, which reflect endogenous generation of NO, have also been detected during O. viverrini infection in humans [6] and animals [7] . In view of the above, a study on nucleic acid damage by reactive nitrogen and oxygen species may contribute to clarification of mechanisms of carcinogenesis triggered by O. viverrini infection.
Oxysterols, which are oxidation products of cholesterol not generated by enzymatic or enzymatic (P450) reactions, have been shown to be mutagenic, genotoxic, and to possess pro-oxidative and pro-inflammation properties that can contribute to carcinogenesis. Binding domains in human gene studies have demonstrated an association between different types of oxysterols and the development and progression of cancer of the colon, lung, breast and bile ducts. Given our experience in LC-MS/MS studies towards drug development [15, 16, [19] [20] [21] [22] and understanding of the molecular basis of disease [8, 9] , we set out to explore the prospective presence of novel steroids in O. viverrini, in line with recent findings on steroid metabolites reported by others and us [8, 10] .
Materials and methods

Extracts of O. viverrini liver flukes
Metacercariae of O. viverrini were obtained from naturally infected cyprinoid fish in Khon Kaen province, Thailand. The fish were digested by pepsin-HCl method. After several washes with normal saline, metacercariae were collected and identified under a dissecting microscope. Metacercariae were used to infect hamsters (Mesocricetus auratus), which were maintained at the rodent facility of the Faculty of Medicine at Khon Kaen University. Protocols approved by the Khon Kaen University Animal Ethics Committee were used for this investigation (Animal Ethic No. AEKKU 05/2550). At about three months after infection, hamsters were euthanized and necropsied, and adult O. viverrini flukes recovered from their bile ducts. The worms were washed extensively in phosphate buffered saline (PBS, pH 7.4) containing antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin G) and cultured overnight in serum free RPMI-1640 medium containing 1% glucose, and protease inhibitors (0.1 mM phenylmethanesulfonyl fluoride, 2 μM E-64 and 10 μM leupeptin) at 37°C and 5% CO 2 [11] . Then, the worms were washed thoroughly with PBS. Soluble extracts of these worms were prepared by sonication (5 × 5 s bursts, output cycle 4, Misonix Sonicator 3000, Newtown, CT 06470, USA) in PBS supplemented with protease inhibitors (500 μM AEBSF, HCl, 150 nM aprotinin, 1 μM E-64, and 1 μM leupeptin hemisulfate) (EMD Millipore, Calbiochem, Billerica, MA, USA), followed by 30-min centrifugation at 10000 rpm and 4°C. Supernatants were collected and protein concentration was determined using the bicinchoninic acid assay (BCA kit, Pierce, Rockford, IL, USA). These soluble extracts of O. viverrini worms were stored in small aliquots at −80°C until needed.
Methanol was added to the soluble extract of O. viverrini worms (with lipidic fraction) up to 20% (volume/volume); 25 μL of this solution was injected into the LC-MS/MS instrument for analysis. Methanol displayed excellent chromatographic performance (separation and sensitivity) with short gradient times possible for chromatographic separation with this solvent.
LC-MS/MS analysis
High-performance liquid chromatography (HPLC) coupled with mass spectrometry (LC-MS) was employed to investigate relevant molecular species in the soluble extracts from adult O. viverrini worms. The HPLC module was constituted with a thermostatted automated sample injector and a thermostatted column compartment; the column was a 125 × 4.6 cm Merck Purospher STAR RP-18e (3 μm), equipped with a Merck Lichrocart pre-column (Merck, Germany) and the mobile phase consisted of 1% acetic acid in water (A)/acetonitrile (B) mixtures; elution was carried out at a flow rate of 0. 
Results
The introduction and refinement of LC-MS/MS methods have made the analysis of conjugated bile acids possible with high sensitivity, minimal sample size requirements and simplified sample preparation procedures [29] . In view of this, we developed an LC-MS/MS approach to search for new steroid-based molecules whose presence in extracts of O. viverrini worms we had postulated on the basis of bile acids and the metabolism of estrogens [8, 10] . Fig. 1 depicts the full chromatogram (MS detection) obtained for the worm extracts, and relevant data from MS analysis are presented in Table 1 , along with the structures postulated to be associated with each of the main species detected here. As shown on Table 1 , most of the proposed structures present C-17 ramification (i.e. discrete and variable chains linked to carbon 17 of the steroid ring), in similar fashion to bile acids and their conjugated salts. Also, MS data are compatible with the presence of derivatives of catechol-estrogens and other components hydroxylated at the steroid ring, including at both C-2 and C-3 and respective oxidized 2,3-quinone.
Some oxidative metabolites of estrogens can react with DNA and the mutations resulting from these adducts can lead to cell transformation. Bile acids constitute a large family of steroids carrying a carboxyl group in the side chain, e.g. 10, 11, 11 and 22. Bile alcohols have similar products in bile acid biosynthesis or as end products, and we can see these compounds in 18, 19 and 26, but conjugated at different positions. Free bile acids are reconjugated in some species like aldehydes (12 and 15) or as sulfates (20, 24 and 25) . The effects of these individual species can be anticipated to be structure-dependent, and metabolic conversions will result in a complex mixture of biologically active and inactive forms.
Discussion
Chronic infection by the liver fluke O. viverrini is associated with carcinogenesis of CCA. ROS/RNS generated during inflammatory response to O. viverrini possess highly oxidative potential [12] . These oxidative species could react with biomolecules in inflammatory area which include O. viverrini residing in the bile duct. Cholesterol is one of the targets of the free radicals. Here, we identified oxidized derivatives, oxysterols, from the liver fluke O. viverrini, which might -at least in part -be generated from non-enzymatic reaction by the oxidative free radicals. It is also feasible that these novel oxysterols are produced enzymatically by the liver fluke, and in this regard, the prospective occurrence of cholesterol metabolic enzymes in fluke tissues deserves to be investigated. On the other hand, O. viverrini worms reside within the biliary tree, bathed in bile, and hence some of these oxysterol like species may be of host origin. Regardless of the provenance of these metabolites, the parasite might take up and/or utilize these oxysterols for its own needs or benefit.
Since oxysterols can traverse cell membranes more quickly than cholesterol, oxysterols of O. viverrini origin might enter biliary epithelia and contribute to O. viverrini-associated cholangiocarcinoma. Moreover, oxysterols may contribute at several stages of carcinogenesis; 1) tumor initiation by enhancing the production of ROS/RNS and 2) tumor promotion through upregulated expression COX-2 leading to the alteration of cellular phenotypes. Also, oxysterols may support cancer progression through the induction of migration and/or may exert their effect by binding to specific proteins and activating signaling cascades. Oxysterols have been identified in livers of hamsters infected with O. viverrini that develop cholangiocarcinoma; among others, both Triol and 3K4 occur at elevated levels in the livers of hamsters with O. viverrini-induced cholangiocarcinoma. In concert with the novel liver fluke oxysterols reported here they might contribute to cholangiocarcinoma through formation of DNA adducts and dysregulation of apoptosis and other homeostatic pathways [14, 15] .
Most of the bile acids excreted to the bile duct are reabsorbed in the intestine and return to the liver via the portal vein. Reabsorbed bile acids act as a negative regulator of the rate-limiting enzyme for cholesterol catabolism termed cholesterol 7 alpha-hydroxylase (CYP7A1) in the liver, which in turn slows down bile acid production [13] . The oxysterols in O. viverrini adult worms are released into the bile duct, some of them are structurally similar to bile acids, and might act the same way as bile acids to down regulate the bile acid metabolism. In turn, this might contribute to digestive dysfunction that is not uncommon during opisthorchiasis [16] , and hence further investigation of this issue can be expected to be informative. Nonetheless, whereas we anticipate that similar physiological phenomena take place in infected humans, the present study investigated worms from experimentally infected hamsters.
A water soluble lysate of O. viverrini liver flukes was investigated here because we wanted to investigate soluble forms of oxysterol(s). This would likely reflect physiological forms released/exported/secreted from the liver fluke in vivo. Since we wondered whether oxysterols might be involved in carcinogenesis of liver fluke induced bile duct cancer, it seems likely that soluble forms would be transferred from the worm to surrounding tissues. One possible mechanism for transferring of these oxysterols is binding to carrier proteins, including fatty acid binding proteins in tegumental membrane and excretory-secretory products of O. viverrini [17] . Fatty acid binding proteins are members of lipidbinding protein family that serve as carrier proteins for hydrophobic ligand trafficking [18] . The mechanism and role of these proteins in O. viverrini also are being investigated in our laboratories.
MS analysis alone cannot provide a conclusive structural assignment. Nonetheless, we have used caution in interpreting the new LC-MS data in light of what has been reported/is known about metabolism of bile acids and estradiol [8, [19] [20] [21] . Furthermore, our structural interpretation of MS data for the postulated novel oxysterols is further supported by MS fragmentation analysis, presented in Fig. 2 .
We have postulated structures based only on the mass of the [M-H] − ion associated to each component detected by the LC-MS/MS analysis of O. viverrini extracts. However, in view of all the above, and based on the literature available about bile acids and the metabolism of estrogenrelated biomolecules [19, 20] , the structures presented in Table 1 are likely to be valid. Some of these structures represent the estrogen core with minimal or only a few changes, e.g. 9, 12-15, 23 and 24. The majority of these exhibit C-17 ramifications, similar to structures of bile acids and their conjugated salts e.g. 10, 11, 17-20, 22, 25 and 26 (Table 1 ). In addition, structure 18 is compatible with a pattern of steroid-ring hydroxylation on both C-2 and C-3 and further oxidation into an estradiol-2,3-quinone. Overall, the proposed structures suggest that carcinogenesisrelated steroids may be present in significant amounts in the adult O. viverrini liver fluke. It also should be noted that a relation between putative oxysterol or bile acid metabolites from O. viverrini and bile duct cancer has been previously hypothesized, in pioneering studies by Thai investigators during 1980s [22] . The chemical structures of oxysterols vary depending upon the number and position of oxygenated functional group, and include keto-, hydroxyperoxy, and epoxy forms. Enzymatic pathways that result in production of oxysterols mainly involve cytochrome P450 family enzymes, but certain oxysterols are produced by non-enzymatic oxidation (or auto-oxidation), a process that involves reactive oxygen and nitrogen species [23] . Oxysterols can act as intermediates in cholesterol catabolism, especially in synthesis of bile acids [24, 25] . Bile acids, in turn, are acidic molecules with pKa values of~1.5 for taurine-conjugated,~4.5 for glycine-conjugated, and~6.0 for unconjugated bile acids [26] . Thus, detection of bile acids and respective conjugates in ionized/non-ionized forms will depend on the pH of the mobile phase [27, 28] . In our case, where a slightly acidic mobile phase was employed, taurine conjugates would be mainly deprotonated, and glycine and unconjugated bile acids would occur predominantly in the non-ionized form.
Cytochrome P450 enzymes play a critical role in both estrogen formation and its subsequent oxidative metabolism. The biosynthesis of estrogen hormones from androgens is mediated by the action of aromatase, a cytochrome P450 specific enzyme. Subsequent to their synthesis, estrogens undergo extensive metabolism [10] . The oxygenated metabolites of estrogens represent structures with newly generated hydroxyl and keto functions at specific sites in the steroid nucleus, which are analogous to other steroid categories that undergo oxidative metabolism, as androgens, vitamin D and bile acids [29] . The estrogens also share with other steroids similar modes of conjugative metabolism involving the formation of sulfates and glucoronides. Recently, we reported novel estrogenic conjugates with guanine [8] , and although steroid and/or bile acid metabolites apparently have not been reported before for O. viverrini, formations of 8-oxodG and 8-NG have been described in the course of O. viverrini infection [4] .
To conclude, advances in the methods of LC-MS/MS have facilitated the analysis of conjugated bile acids with high sensitivity, requiring only minimal quantities of the samples, and simplified sample preparation procedures [19] . As such, LC-MS/MS was utilized in this study, which enabled us to putatively identify novel oxysterols in adult O. viverrini liver flukes. Whereas the role of these new oxysterols of O. viverrini in bile duct cancer remains to be examined, this topic clearly is worthy of deeper investigation. Future studies will aim at isolation or chemical synthesis of some of these oxysterols and downstream investigation of interactions of the fluke oxysterols with informative cells such as cholangiocytes [14] and with oxysterol binding proteins (OSP). Given that other metabolites of O. viverrini also are predicted to play a role in tumorigenesis of O. viverrini induced bile duct cancer, including liver fluke granulin [30] , it will be informative also to compare and contrast action of liver fluke granulin and the fluke oxysterols in these analyses. OSP are potential biomarkers of liver fluke induced liver cancer [15] . As ligands of OSP, O. viverrini-derived oxysterols and related metabolites may become useful biomarkers for O. viverrini infection and associated diseases [31] .
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.parint.2013.08.001.
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